This paper will present an experimental study of the temporal and spatial characteristics of the auto-bicoherence calculated from light amplitude fluctuations measured in the edge plasma of the 
I. INTRODUCTION
The spontaneous H-mode discovered in 1982 by the Axially Symmetric Divertor Experiment (ASDEX) team [4] is one of the most important operating regimes for tokamaks and stellarators. The mechanism that causes the tokamak plasma to undergo a transition from a regime of low confinement (L-mode) to a regime of high confinement (H-mode) is still not entirely understood. In the presently accepted model for the L-H transition, the turbulence is broken up by sheared poloidal flows, leading to a decrease in the fluctuation amplitude and a transient decrease in turbulent transport at the edge of the plasma [5] . This allows the pressure gradient to increase significantly leading to the transport barrier characteristic of the H-mode. The mechanism that generates and limits the sheared poloidal flows is still unknown. It has been proposed that the sheared flow can be generated in a self-organization process where the turbulence itself, through the Reynolds Stress, can drive the flows [6, 7] .
Direct measurement of the Reynolds stress is difficult, but it has been done successfully on several tokamaks [5, 8, 9] , although not during an L-H transition. To make a connection between the theory and a more experimentally accessible measurement, several authors have examined the problem in terms of a mode coupling model, in which the turbulent fluctuations transfer energy to large scale flows through three-wave interactions [7, 10] . It is possible to relate the bispectrum and the bicoherence to Reynolds Stress-generated shear flows via a mode coupling model [10] . This model shows that the auto-bispectrum calculated from a turbulent fluctuation measurement of ion-saturation current, I sat , or floating potential, V f , at one location can be used to measure the amount of coupling between low and high frequency fluctuations. The auto-bicoherence can be used to search for an increase in such coupling before an L-H transition. If such an increase were observed along with the formation of a shear layer, as occurs at the transition, this would be consistent with the Reynolds Stress-driven flow, or turbulence-driven flow, hypothesis for the L-H transition [10] .
The bicoherence has been calculated during L-H transitions in the Wendelstein VII-AS stellarator [11] and also during biased H-mode operation in the Continuous Current Tokamak (CCT) [10] . The only previous bicoherence results obtained during a spontaneous L-H transition in a tokamak are from studies performed on DIII-D [12, 13] . A reciprocating Langmuir probe was used to measure fluctuations in the I sat or V f in the edge plasma during an L-H transition [12] and it was reported that the amount of nonlinear coupling increased significantly just prior to the L-H transition when the probe was inside the separatrix [12] .
This coupling was attributed to interactions between large scale fluctuations and small scale fluctuations, a result that is qualitatively consistent with the turbulence-driven flow hypothesis for the L-H transition [10, 12] . Motivated by the bicoherence study from the DIII-D tokamak using Langmuir probe data, this paper will describe a bicoherence study from the National Spherical Torus Experiment (NSTX) using the Gas Puff Imaging (GPI) diagnostic chord data.
We present a bicoherence study of the light amplitude fluctuations measured in the edge plasma of NSTX with the GPI diagnostic during thirteen discharges that underwent spontaneous L-H transitions. The auto-bicoherence from the available GPI chord signals in the region ±5 cm across the EFIT [14, 15] separatrix and just above the outer midplane indicates that no sudden increase in the amount of nonlinear coupling between low frequency fluctuations and high frequency fluctuations occurs within the 10 ms before the transition.
Using the model from [10] as a basis for interpreting the auto-bicoherence, these results apparently indicate that coupling between turbulence and poloidal flows does not increase significantly in the edge immediately before the transition, at least in the region viewed by the GPI chords in this study.
A brief description of the GPI diagnostic is given in Section II. Section III introduces bispectral analysis and the specific definitions of the bicoherence that were applied to GPI chord data. Section IV contains a complete description of how the bicoherence calculations were carried out and the results from the NSTX GPI chord data. Section V discusses general limitations to the application of bicoherence analysis and limitations of the interpretation of GPI bicoherence results. Section VI provides ideas for future work. Section VII contains the summary and conclusions of this study.
II. THE GAS PUFF IMAGING (GPI) DIAGNOSTIC ON NSTX
The Gas Puff Imaging (GPI) diagnostic on NSTX has been described in detail elsewhere [2, 3, 16] and only a brief overview is given here. For this study, D α (656 nm) line emission from a deuterium gas puff is imaged along the magnetic field line direction at the plasma edge near the magnetic separatrix on the outboard side of NSTX (R = 85 cm, a = 65 cm).
Because the turbulent structures are highly elongated along the magnetic field lines, the GPI diagnostic views a poloidal and radial cross-section of the edge turbulence.
The GPI diagnostic can be used to study edge plasma turbulence due to fluctuations in electron temperature and density. The light emission at the D α line occurs where T e ≈ 5−100 eV, spanning a region approximately ±5 cm across the separatrix. The amplitude of the light emitted at a given neutral density, n o , is a nonlinear function of the local electron density, n e , and electron temperature, T e [2, 3, 17] . The effects of such a nonlinear relationship on the interpretation of the bicoherence is discussed in section V H. It is noted that in general the D α light emission amplitude depends on n o , however, because of the gas puff strength used in this experiment, the turbulent fluctuations in the light amplitude will not depend on n o .
The GPI diagnostic on NSTX produces two types of data. First, a PSI-5 fast-camera (250,000 frames/s for 1.2 ms) is used to make 2-D images of the turbulence in the poloidal and radial plane. Second, a separate array of 13 discrete views, which are commonly referred to as "chord" data, is used to obtain 1-D time-series data from the light amplitude fluctuations.
The 1-D time-series data is digitized at 500,000 samples/s for 64 ms with an analogue bandwidth of 200 kHz. At the location of the gas puff, each chord views a 2 cm diameter section of plasma and the chord centers are spaced 2 cm apart. The radial GPI chord data spans roughly ±5 cm on each side of the separatrix. Figure 1 shows a still-frame image from the camera along with the discrete chord view positions that are located in the same 23 × 23 cm 2 field of view. The approximate position of the magnetic separatrix as inferred from EFIT, is also shown in figure 1 . The auto-bicoherence in this study is calculated using the 1-D time-series chord data, not the 2-D camera data.
III. BISPECTRAL ANALYSIS
A. The auto-bispectrum and the auto-bicoherence
Bispectral analysis is a higher order statistical technique that is useful for studying systems that contain a quadratic nonlinearity [18] [19] [20] [21] . The seminal paper for the use of bispectral analysis in plasma physics is Ref. [18] . That paper describes a basic algorithm for calculating the bispectrum using Fast-Fourier Transform (FFT) analysis. For a detailed discussion of the FFT method of bicoherence calculations, Refs. [18, 20, 21] are recommended. Wavelet methods, which may have some benefits over FFT methods in studying the bicoherence, e.g. improved time resolution, have also been developed [11] . This paper will present auto-bicoherence results calculated using only the FFT method.
The auto-bispectrum is a third order spectral quantity. It is defined as an ensemble average,
where the triad of modes obeys the three-wave interaction criteria of conservation of momentum, namely that k 1 + k 2 = k 3 . Here Φ(k) is the Fourier transform of a data signal in k-space, and k i is a wave number. The auto-bispectrum is a complex quantity and both its amplitude and its phase (known as the biphase) can be used in statistical studies of nonlinear interactions and phase coupling [22] . This paper will not address the use of the biphase to study nonlinear interactions.
The auto-bispectrum can be normalized in several ways to study different aspects of a time-series [19] [20] [21] 23] . For studying quadratic mode coupling the most commonly used normalization is the auto-bicoherence. The squared auto-bicoherence is defined as
According to this definition, the squared auto-bicoherence is bounded between 0 and 1, and is a quantitative measure of the amount of quadratic coupling between a triad of phasecoherent, or phase coupled, Fourier modes (k 1 + k 2 = k 3 ) in the system [10] . Three modes are phase coupled if the three signals maintain a fixed phase relation, such as φ 1 + φ 2 = φ 3 .
As the result of a nonlinear interaction, two waves could beat together to drive a perturbation, a third mode, that will be coupled to the first two modes. The bicoherence detects the phase coupling that occurs as the result of such an interaction. If the three modes are related via a nonlinear interaction then they will be phase coupled, and b 2 (k 1 , k 2 ) will be near unity. If the phases of the three modes are not coupled, then the ensemble averaging in the bicoherence calculation will lead to a value of b 2 (k 1 , k 2 ) near zero. If a third mode in the system is not the result of a nonlinear interaction, then it will have no fixed phase relationship with the other two modes in the system. The bicoherence will be zero for this case even if the third mode happens to satisfy k 1 + k 2 = k 3 . For actual turbulent systems where the turbulence may be thought of as many modes interacting with each other, values of b 2 (k 1 , k 2 ) larger than 0.5 would indicate significant coupling [18, 20] .
The auto-bispectrum has several symmetry properties that limit the domain over which it must be calculated [18] . Because of these symmetry properties, auto-bicoherence cannot be used to distinguish between a sum and a difference interaction. This means the autobicoherence does not indicate the direction of energy transfer. As developed by Ritz et al. [24, 25] , further measurements and calculations using higher-order spectral analysis are needed to estimate the power transfer function in order to determine the direction of energy transfer. Recently a technique that is an extension of the Ritz method has been used on the H-1 toroidal heliac to experimentally identify the inverse energy cascade that results in large-scale turbulent structures such as zonal flows [26] . We note that the auto-bicoherence is only used in the GPI study as a measure of the relative strength of nonlinear interactions, and the results do not include information about the direction of energy transfer. All references to bicoherence or bispectrum from the GPI chord data in this paper refer to the auto-bispectral quantities calculated using just one time-series data set.
B. The frozen flow hypothesis
The bicoherence of an experimentally measured fluctuating quantity, such as light amplitude, can be directly calculated using Fourier transforms in frequency space. In order to relate the bicoherence measuring coupling between frequencies to the bicoherence measuring coupling between wavenumbers, some information about the dispersion relationship f (k) is needed. Using the the Frozen Flow Hypothesis (FFH), frequency and wavenumber can be directly related. The FFH assumes that the turbulence does not evolve significantly in the time it takes to pass by two spatially separated measurement points [10, 12] . From this assumption, a wavenumber, k, will be linearly related to a frequency, f . In this experiment it is the poloidal wavenumbers, k θ , that are of interest. The poloidal propagation time, τ , is calculated from the separation between two poloidally spaced chords, δx, and the phase velocity of the fluctuating signal, v θ , where τ = δx/v θ .
In the edge of NSTX, the poloidal v θ is estimated using time-delay correlation analysis to be v θ ∼ 5 km/s during both L-mode and H-mode [16] , giving a propagation time τ ∼ 5 µs. The auto-correlation time of the turbulence , τ A , also determined from the chord data using time-delay correlation techniques, is τ A ∼ 24 − 32 µs [3] . Because τ A > τ , the FFH is assumed to be valid in the poloidal direction for the edge turbulence in NSTX as measured by the GPI diagnostic [10, 12] . Some limitations and examples of how this hypothesis could fail are discussed in Section V C.
C. Definition of bicoherence used to study NSTX GPI data
The bispectrum in frequency space is defined as
with the associated bicoherence defined as
Here φ(f ) is the Fourier transform of the time signal at the mode frequency f and the mode frequencies obey the three-wave interaction requirement,
Changes can be made to this normalization to correct for low power in the signal at any given frequency [19] , and the effects of using the correction are discussed further in Section V. The bispectral analysis for this study was done using the low power correction (LPC) according to the following definition of the squared bicoherence [19] .
From the squared bicoherence, two other useful values, the total bicoherence and the summed bicoherence, can be calculated [10, 11] . The summed bicoherence is a measure of the amount of coupling at the sum frequency f 3 relative to all other sum frequencies and is defined as
The total bicoherence gives a measure of the total amount of coupling in the signal integrated over all frequencies and is defined as
The total bicoherence is used as a measure of total coupling at one time, t, chosen as the center of the time interval over which the ensemble average of equation (2) is calculated.
We also define the average total bicoherence, which is the total bicoherence averaged over multiple NSTX shots, s,
IV. NSTX RESULTS
A. Plasma parameters
The bicoherence results described in this paper were obtained from a sequence of thirteen discharges (#113732 − 113744) taken on one day with NSTX plasma parameters given in Table 1 . All of these discharges had toroidal field is shown in Fig. 2 . The poloidal chord array, centered at chord R4, is located slightly outside the separatrix for the shots analyzed in this paper. Figure 2 shows GPI intensity profiles from time-averaged camera images for the discharges described in this paper. This intensity profile from the camera data is used to show the radial location of the chord views with respect to the peak in the light emission profile. Due to a slight nonlinearity in the camera that has been noted for data from this shot sequence [16] , the actual light emission profile will be slightly different, but qualitatively similar, to the profile shown here. The edge plasma profiles for n e and T e , also shown in Fig.2 , come from
Thomson scattering for four similar shots in this sequence, all taken ±8 ms with respect to the L-H transition [16] .
B. Spectral and Correlation Analysis
The GPI chord data measures fluctuations in the amplitude of the emitted D α light, and the observed spectra are similar to those observed with other edge diagnostics such as Langmuir probes that measure I sat or V f [3] . In Fig. 3 part (a) the amplitude-vs-time trace from one chord shows how the signal amplitude of the GPI chords drops during the L-H transition. This is due to the region of light emission moving in at the transition as shown by the GPI camera intensity profiles in Figure 2 . Mirnov coil signals and it was reported previously that this mode frequency occurs in the toroidal Alfven frequency gap [27] . Since this mode does not appear before the transition it is probably not related to any precursor dynamics as studied in this paper.
The spatial and temporal structure of the turbulence can be investigated using the 2-D camera data or by using time-delay correlation analysis of the chord data to calculate the radial and poloidal correlation lengths and auto-correlation time of the turbulence. Typical auto-correlation times of 24-32 µs are observed [3] . Typical average poloidal correlation lengths are L pol = 6.8±1.5 cm and typical average radial correlation lengths are L rad = 4.8±1 cm, and it is observed that there is no significant difference between the correlation lengths calculated from GPI data before and after the L-H transition [16] .
In NSTX the H-mode plasmas are distinguishable from L-mode plasmas [28] and the NSTX H-mode plasmas are similar to H-mode plasmas in conventional aspect-ratio tokamaks [29] . The recent NSTX GPI study by Zweben et al. [16] indicates that at the L-H transition Bicoherence results from one chord for one of the thirteen shots will be described in detail as an example of the general trend seen in all NSTX GPI data. Chord R4 is the center view in the array located at major radius R ≈ 150 cm as shown in Fig. 2 . This chord is the working chord closest to the separatrix during all the shots in the series. Although it may be viewing a region that is located slightly outside the separatrix, the light amplitude fluctuations seen in the chord R4 signal do change qualitatively at the transition. The results of calculating the total bicoherence, squared bicoherence and summed bicoherence from chord data using the shot, #113739 are described below. The contour plots show what frequencies take part in the coupling before and after the L-H transition. Typical of all thirteen shots analyzed, the coupling during L-mode occurs fairly evenly over all frequencies, and no increase in the b 2 (f 1 , f 2 ) is seen prior to the transition. After the transition, coupling becomes localized to frequency triads such that f 1 and f 2 are below 100 kHz. A peak in b 2 (f 1 , f 2 ), can be interpreted in one of two ways, (i) as the result of a sum interaction between two low frequency modes, where f 1 , f 2 < 100 kHz interact to give a peak at f 1 + f 2 = f 3 , or (ii) as the result of a difference interaction between a high frequency mode and a low frequency mode, where f 1 > 100 kHz and f 2 < 100 kHz interact to give a peak at
The summed bicoherence, b 2 (f 3 ), calculated from equation (3) is another way of comparing the coupling in L-mode with that of H-mode. Figure 6 shows the coupling in shot #113739 occurring mostly at low sum frequencies (f 3 < 100 kHz) during H-mode while coupling is spread out among all sum frequencies during L-mode. The curves of b 2 (f 3 ) shown here were calculated using a 8. Each value of total bicoherence has been assigned to the time point at the center of the time window over which the ensemble average of the squared bicoherence was calculated.
The points are separated by 0.2 ms, where the total bicoherence at each point is independently calculated from a 4.096 ms time window, and then the window is advanced in the raw data by 0.2 ms and another independent value of the total bicoherence in obtained. For this shot, and for all shots in this study, no significant increase in the total amount of coupling is seen during the 10 ms before the transition.
E. General bicoherence results for multiple NSTX shots
The total bicoherence, squared bicoherence and summed bicoherence were calculated for each chord for all the shots in the series. After individually analyzing all thirteen shots in this study, it is expected that any general trend in the nonlinear coupling can be seen by averaging the results from total bicoherence calculations for all the shots.
For each shot, total bicoherence, b 2 (t), is calculated from equation (4) Using a smaller window length to improve the time resolution of the bicoherence calculation near the L-H transition, the same averaging over all thirteen NSTX shots is performed using the chord data from R4. Here each time window was taken to be 2.048 ms long and was divided up into 16 records of 64 points each. These smaller record lengths result in a frequency resolution of δf ∼ 8 kHz. This mean total bicoherence this way is shown in Fig.   9 , and no increase in the amount of coupling is seen in the 10 ms prior to the L-H transition.
A slight increase in coupling appears more than 10 ms prior to the transition and is explored below further by examining five shots that have data during L-mode extending more than 20 ms before the transition. The radial profile is shown in Fig. 11 (b) . with broadband data signals that in order to obtain a relative variance of 1% the number of records needed is M ≥ 500 if b 2 (f 1 , f 2 ) = 0.04 [31] . The bicoherence is a statistical estimator, and due to the small number of records used in this study of broadband fluctuation data,
the bicoherence values have probably not converged [12, 20, 30] .
In the previous work from DIII-D [12] it has been noted that the location in frequency space and the changes in total bicoherence amplitude, rather than the absolute amplitude, are important for studying gross features of the temporal coupling trend. Using closely spaced identical time interval lengths during the shot and averaging over multiple shots we can obtain information about gross trends in the total bicoherence from the NSTX GPI chord data. We have calculated the bicoherence using several different FFT record lengths, numbers of records and time window lengths for thirteen shots and have found that the reported trend in the total bicoherence of the GPI data is robust to these changes in statistics.
B. Effect of the GPI nonlinear density response on bicoherence
It has been determined that the amplitude of GPI light fluctuations, S, is related to the electron density and temperature nonlinearly via S ∝ n o f (n e T e ) where S is a monotonically increasing function [17] . To investigate the possibility that the coupling is occurring in the turbulent fluctuations of electron density but is not detectable in turbulent fluctuations of the light emission due to the nonlinear relationship, simple test signals were created. Figure   12 shows the changes in the bicoherence of a test signal composed of three sinusoids as the nonlinear relationship is varied. A test signal, x, where x is a sum of three sinusoids, is operated on with the nonlinear function y = x α where the nonlinear factor is varied, i.e.
, is calculated from y and is evaluated at the frequencies where the test signal has quadratic coupling built into it, at f 1 = 220 Hz and f 2 = 375 Hz. The b 2 (220, 375) does not vary substantially as α deviates from unity. The total bicoherence, however, appears to increase as α deviates from unity. This is because the nonlinear relationship y = x α introduces new modes that are phase coupled to the original signal, and this leads to a larger value of the total bicoherence than would be seen in x alone.
This simple test indicates that coupling information about the underlying density fluctuations will still be present in the final coupling measured in the GPI signal, but that the absolute values of coupling from the GPI signal will be different than those from a pure density signal. The changes in b 2 (f 1 , f 2 ) and in b 2 are valid indicators of changes in underlying coupling properties of the plasma turbulence. There are nonlinear effects in I sat fluctuation measurements from Langmuir probes as well [32] , and these may also have to be taken into account when calculating the bicoherence.
C. Limitations of the frozen flow hypothesis
The frozen flow hypothesis (FFH) maintains that the spatial structure of the turbulence does not evolve significantly in the time it takes to pass by two spatially separated measurement points [10, 12] . The FFH is an essential assumption if one wants to interpret the frequency coupling as wavenumber coupling in the plasma. However, when calculating bicoherence in a region where the plasma flow pattern may be in both the radial and poloidal, θ, directions, the FFH fails. For example, if the plasma flow is predominantly in the radial direction, then the FFH fails to hold in the poloidal direction because the poloidal phase velocity, and the propagation time, go to zero. This is a serious failure if the coupling in f is intended to be interpreted solely as coupling in k θ . Furthermore, it is unclear when using turbulence measurements from only one spatial location to calculate the auto-bicoherence whether the FFH requires a physical flow to exist in the system, or whether it only requires the auto-correlation time of the turbulence to be longer than the time during which the fluctuations are measured.
D. Avoiding false positives
The bicoherence calculated across a step-function or a delta function in uncoupled test signals will return a false positive. If the FFT is applied to a step function or to a delta function, then many phase coherent sinusoids are used. In this case the bicoherence will have a spuriously large value that cannot be distinguished from values associated with real coupling in the physical system.
If any of the records used in the ensemble average overlap the sudden decrease in GPI signal amplitude at the transition as seen in Fig. 3 (a) , then the bicoherence value will be artificially high. This type of false positive was avoided in the NSTX results.
The chords that view areas of the plasma edge that are in the SOL have very short-time duration intermittent "spikes" in the signal that are believed to be related to radially and poloidally moving structures or "blobs" [3] . Some authors have noted that the bicoherence is not useful for studying intermittent or transient events because the bicoherence cannot distinguish between a structure moving past a measurement point, seen as a spike in the data, and wave-wave coupling happening on a fast time scale [11] . Regardless of whether or not coupling is present, an isolated spike in the data will cause a large value of the bicoherence.
If a few isolated spikes are present, they can be avoided. If the data is by nature intermittent, as in the SOL, then the bicoherence values cannot be interpreted directly as a measure of underlying coupling because the bicoherence is also measuring the presence of the many intermittent "spikes" in the signal.
E. Motivation for using the low power correction
The low power correction (LPC) is used in equation (2) to calculate the bicoherence of NSTX GPI data in this study. The effects of the LPC on the bicoherence of actual GPI data is shown in Fig. 13 . To calculate the bicoherence results presented in this paper, we wrote an analysis routine in the Interactive Data Language (IDL) called BISPEC following the algorithm outlined in Ref. [18] . Here the bicoherence is calculated using BISPEC (with and without the LPC) and is compared to the bicoherence calculated using the commercially Calculating the bicoherence for test signals indicates that the LPC suppresses the high bicoherence values associated with false positives. This can be seen in figure 14 . The test signals shown here were constructed to have no coupling. When using the LPC, the bicoherence from these test signals drops below the statistical significance level. Also, the large values of the bicoherence associated with "false positives" due to signal amplitude changes or delta-function type "spikes" have been suppressed by using the LPC.
F. Avoiding false negatives
Because the bicoherence, equation (2), is an ensemble average, it cannot resolve coupling happening on a time scale that is fast compared to the time interval associated with the number of points used in each record. If the coupling occurs only during some small fraction of the FFT record time used for the ensemble average, then it is possible that the coupling will be averaged out over the larger window. Analysis of the GPI data was done with varying window and record lengths and in no case was any deviation from the reported trend seen.
The bicoherence is affected by the ratio of fluctuation to random noise levels, or the signal to noise ratio (SNR), of the data. The SNR of the GPI chord data drops from values greater than 25 during the L-mode to values between 7 and 10 during the H-mode. Generating test signals with perfectly coupled sinusoids and calculating the bicoherence reveals that a SNR below 5 will result in the bicoherence being unable to detect coupling in perfectly coupled test signals, as shown in Fig. 15 . The SNR of the GPI data was certainly high enough during L-mode to reliably use the chord data to detect any increases in the coupling prior to the L-H transition. The low values of total bicoherence during H-mode may possibly be linked to the relatively low SNR of the chord data during H-mode.
G. Interpretation of the radial bicoherence profile
The spatial localization of any increase in coupling that might occur during an L-H transition has not been predicted for NSTX. The results of the work on DIII-D show that the increase in bicoherence may be localized within millimeters of the separatrix [12] . The location of the separatrix as determined from EFIT for this series of discharges is between R = 147 and R = 150 cm. The radial range of data spans up to ±5 cm across this region. If the increase in coupling does occur in a relatively small radial region inside the separatrix, it could mean that the GPI chord data array did not capture the increase in coupling because the viewing region of R4 is too far outside the separatrix and the viewing region of R2 is too far inside the separatrix. For this series of shots, chord R3 is located at R= 148 cm but unfortunately the SNR of the data from R3 was too low to be used for bicoherence analysis.
The other reason that a very large increase in coupling prior to the transition may not be present in the region near the separatrix is that the shear flows might be generated much farther inside the separatrix prior to the L-H transition, at a radial location beyond the range of neutral gas penetration. The results from the GPI chords do show that there is a significant reduction in the bicoherence amplitude after the L-H transition and that there are differences in the location of coupling in frequency space before and after the transition.
Therefore, although the bicoherence does not measure increased coupling as a precursor to the L-H transition, the bicoherence does identify local changes in coupling, and these changes may be a result of nonlocal causes. This agrees with qualitative impressions from the 2-D GPI camera data, where there is no obvious precursor to the L-H transition in the field of view [16] .
Another issue regarding the interpretation of the radial bicoherence calculations are the probability distribution functions, or PDFs, of the radial chord data. If a signal has a Gaussian PDF then the bispectrum will approach zero [18, 20] . The outermost radial GPI signals and the signals from chord R4, which was used predominantly in this study, have non-Gaussian PDFs, however, the innermost radial GPI signals typically have Gaussian
PDFs [3] . It is expected that the bicoherence of these innermost radial chords should be quite low, while the bicoherence of the outer chords will be higher. This agrees with the radial bicoherence profile results.
H. Using auto-bicoherence to detect coupling between turbulence and flows
While there appears to be agreement that the Reynolds Stress can generate mean flows in plasmas [5, 7, 10, [33] [34] [35] [36] there is some disagreement in the literature as to the usefulness of the auto-bicoherence as a measure of the nonlinear coupling associated with detecting these turbulence-driven flows. Some authors have performed simulation studies that show that the auto-bicoherence from either V f or I sat measurements can be used to measure shear flow generation from turbulence [7, 35] . Other authors have performed simulation studies that indicate that the auto-bicoherence is not a useful measure of turbulence generated flows, and instead one needs the cross-bicoherence or direct Reynolds Stress measurements [37, 38] .
Due to this disagreement, the interpretation of high values of the auto-bicoherence as direct evidence of nonlinear coupling between turbulence and flows is not a simple matter. This is true for the auto-bicoherence calculated from Langmuir probe data or GPI chord data.
Previous auto-bicoherence studies have assumed that the auto-bicoherence can be used to measure nonlinear coupling associated with turbulence-driven flows during L-H transitions [10, 12] . In order to relate the results from NSTX to previous experiments, we use the same assumption. The disagreement as to the validity of this assumption is noted as a general limitation of bicoherence studies of turbulence-driven flows in plasma.
VI. FUTURE WORK
The GPI diagnostic on NSTX provides an opportunity to study the spatial localization of quadratic nonlinear coupling in edge turbulence by using bispectral analysis of data obtained simultaneously at multiple locations near the separatrix. Four ideas for improving and adding to the present study are discussed below.
First, the wavelet bicoherence method could be used to improve the time resolution of the bicoherence analysis [11] . This could help in determining the time scales over which the coupling occurs. Using either wavelet or FFT methods, the slight increase in total bicoherence long before the transition could be studied further.
Second, more data from radial chords that are viewing the region near the separatrix during L-H transitions could be obtained from future NSTX runs in an attempt to determine if an increase in the coupling is only happening in a very small region not viewed by the GPI diagnostic in this study. However, the GPI camera image analysis indicates no increase in the poloidal flow speed of the turbulence at the transition, including through the region that is viewed by the chord that was not available for this study, chord R3 [16] .
Third, this paper only describes auto-bicoherence results, and the cross-bicoherence could be calculated using the 2-D poloidal and radial array of fast-time series chord data. The cross-bicoherence is calculated using two different time-series data sets, in this case, it could be calculated using data from two spatially separated measurement locations. This quantity might yield different information about the nonlinear coupling.
Fourth, the experimental results of this study could be compared to simulations of the GPI experiments [17] . This may help in predicting the coupling properties of the turbulence as measured by the GPI diagnostic on NSTX.
VII. SUMMARY AND CONCLUSIONS
The first trend observed in this study is that the auto-bicoherence from all available chord signals in the region ±5 cm across the EFIT separatrix and just above the outer midplane in NSTX indicates that no significant and sudden increase in the amount of nonlinear coupling between low frequency fluctuations and high frequency fluctuations occurs within the 10 ms before the transition for all of the thirteen shots studied. Because the past work on DIII-D reported a large increase in the total amount of nonlinear coupling prior to the L-H transition only when the measurement was made 3 mm inside the separatrix in the highest gradient region [12] , an important point to note when comparing the NSTX result to the DIII-D result is that a GPI chord signal was not available for chord R3. Chord R3 was likely viewing the highest gradient region during this study. However, an analysis of the poloidal flow velocity as a function of radius passing right through the viewing region of chord R3
was done using the NSTX GPI 2-D camera images and found no increase in the shear flow of the turbulence itself from L-mode to H-mode in the viewing region of the chords [16] .
This suggests that the bicoherence behavior in the region viewed by chord R3 would not be different from that of any of the other chords.
A second trend, observed in five of the thirteen shots that had L-mode data extending 20 ms before the transition, is that approximately 15 ms before the transition the average total bicoherence values increase by 50% and remain at that level during the last 10 ms before the transition. This increase lies within the R.M.S. error calculated from the five shots and was not seen in the other eight shots in the series that had shorter data lengths before the transition.
A third trend is that the values of total bicoherence increase as radius increases. This is consistent with the radial changes in the PDFs of the radial chord data -the PDFs become more Gaussian deeper in the plasma and the bicoherence of a time-series approaches zero as the PDF becomes more Gaussian. The total amount of coupling is independent of the poloidal position, as is expected because these chords are at nearly the same poloidal angle.
A fourth trend observed is that during L-mode the amplitude of the total amount of coupling remains fairly constant and the peaks in coupling are spread out evenly among all frequencies, but during H-mode the total amount of coupling is found to decrease following the L-H transition, with peaks in the coupling becoming localized to frequencies below 100 kHz during H-mode. The previous bicoherence study on DIII-D also reported such a shift in coupling towards low sum frequencies [12] .
In conclusion, we have presented a study of the temporal and spatial characteristics of the auto-bicoherence during thirteen discharges that underwent spontaneous L-H transitions in NSTX. The auto-bicoherence is calculated from light amplitude fluctuations measured in the edge plasma with data from ten of the thirteen GPI diagnostic chords. The main result is that the auto-bicoherence does not significantly increase during the last 10 ms prior to the transition. We have discussed general limitations of the analysis as well as those specific to the GPI diagnostic. This bicoherence study of the L-H transition on NSTX could be most improved through the use of bispectral analysis beyond the auto-bicoherence and by obtaining chord data from the highest gradient region. τ E ≈ 30 ms
T e (edge) = 5 − 50 eV cases. When α = 1, harmonics of f 1 and f 2 are introduced, even in the uncoupled case, and the total bicoherence increases.
13)
The LPC used in the bicoherence code, called BISPEC, suppresses false positives but does not affect bicoherence values associated with actual coupling. Here the total bicoherence is calculated using BISPEC (with and without the LPC) and is compared to the bicoherence calculated using the bispectral analysis routine commercially available for MATLAB for several sections of data from chord R4 (or P4) for shot #113741. The signal left of the first vertical line is not a signal from the plasma; it is background random noise in the system before the gas puff is turned on. The bicoherence calculated in this region of noise is below the significance level when using the LPC.
14)
Shown here is the total bicoherence calculated using four perfectly uncoupled test signals generated from the sum of three sinusoids. The statistical significance level is the horizontal line. Part (a) shows the effect of a sudden decrease in signal amplitude, as occurs at the L-H transition in GPI chord data. Part (b) shows the effect of a changing mean, x, in the signal. Part (c) shows the effect of a delta-function type"spike" as might seen in the GPI chord data. Part (d) shows the effect of the signal amplitude increasing or decreasing in an envelope. This is similar to the first t ∼ 5 ms of chord data when the gas puff is first turned on. The LPC suppresses the artificially high bicoherence values, and data containing events (a) and (c) are avoided in the GPI data when possible.
15)
The ratio of the bicoherence to the statistical significance level of a perfectly coupled test signal decreases significantly when the signal to noise ratio (SNR) is below 5. As the SNR decreases, the peak value in the bicoherence for a pair of frequencies is becoming less than unity, even though the signal remains perfectly coupled. Region 1 is 
